The chromatin structure in one-cell-stage mouse embryos is extremely loose and becomes tighter at the two-cell stage. As linker histones are involved in higher-order chromatin structure, we examined the involvement of the linker histone variant H1foo in the change of chromatin looseness between the oneand two-cell stages. H1foo knockdown causes the chromatin structure to be tighter in the pronucleus and increases deposition of the histone H3 variant H3.1/3.2 in the peripheral region of the pronucleus in one-cell-stage embryos. The decrease in chromatin looseness at the two-cell stage is less after overexpressing H1foo. These results suggest that H1foo is involved in the change in chromatin structure via nuclear deposition of H3 variants between the oneand two-cell stages.
The chromatin structure in one-cell-stage mouse embryos is extremely loose and becomes tighter at the two-cell stage. As linker histones are involved in higher-order chromatin structure, we examined the involvement of the linker histone variant H1foo in the change of chromatin looseness between the oneand two-cell stages. H1foo knockdown causes the chromatin structure to be tighter in the pronucleus and increases deposition of the histone H3 variant H3.1/3.2 in the peripheral region of the pronucleus in one-cell-stage embryos. The decrease in chromatin looseness at the two-cell stage is less after overexpressing H1foo. These results suggest that H1foo is involved in the change in chromatin structure via nuclear deposition of H3 variants between the oneand two-cell stages.
Keywords: chromatin structure; H1foo; linker histone; mouse embryo; zygote One-cell-stage embryos are totipotent and have a potential to differentiate into any type of cell. This totipotency is gradually lost during preimplantation development. During this period, particularly between the one-and two-cell stages, the gene expression pattern and chromatin structure change dramatically [1] . Enhancer independent, promiscuous transcription occurs at the one-cell stage, whereas enhancer-independent, regulated transcription takes place at the mid to late two-cell stage [1] [2] [3] [4] . Chromatin structure changes drastically from the one-to the two-cell stage. Analyses using fluorescence recovery after photobleaching (FRAP) have revealed that the chromatin structure is extremely loose at the one-cell stage and becomes tighter at the two-cell stage [5] . Electron spectroscopic imaging has also shown that chromatin is initially dispersed and becomes more condensed at later stages [6] . Although no chromocenter, which is the focus of pericentromeric heterochromatin, is present at the one-cell stage, several chromocenters appear at the late two-cell stage [7] . These results demonstrate that the loose chromatin structure becomes tighter between the oneand two-cell stages, but the mechanism regulating this change remains to be elucidated.
Linker histones are involved in higher-order chromatin structure [8, 9] . In mice, there are 11 linker histone variants encoded by individual genes that are classified into somatic and germ cell types. The somatic cell type contains H1a, H1b, H1c, H1d, H1e, H1f0, and H1fx, which are ubiquitously expressed. All of these variants except H1f0 and H1fx are located on chromosome 13 as a cluster [10] , whereas H1f0 and H1fx are located on chromosomes 15 and 6 respectively [8] . H1t, H1fnt, and Hils1 are specifically expressed in sperm cells [11] [12] [13] , whereas H1foo is transcribed specifically in oocytes [14] . However, the detailed expression pattern of these variants has not been clarified during preimplantation development.
Although linker histones generally function to condense the chromatin structure, the degree of condensation Abbreviations DAPI, 4 0 ,6-diamidino-2-phenylindole; FRAP, fluorescence recovery after photobleaching; KD, knockdown; KSOM, K + -modified simplex optimized medium; MII, Metaphase II; PFA, paraformaldehyde; PMSG, pregnant mare serum gonadotropin.
differs among the variants. H1A and H1C have less ability to condense chromatin structure than H1B, H1E, and H1F0 [15] . In chromatin assembly experiments with H1 variants using an extract of Drosophila embryos lacking any linker histones, adding H1B, H1E, or H1F0 to the extract condensed the chromatin structure, whereas H1A and H1C did not have any effect on condensation of chromatin structure [15] . It has also been shown that the effect of H1FOO is less than that of H1C because ectopic expression of H1FOO reduces the area of heterochromatin in mouse fibroblast cells, while overexpression of H1C has no effect on the heterochromatin [16] . As the looseness of the chromatin structure is affected by the associated linker histone variants, it is possible that the replacing linker histone variants would induce the change in looseness of the chromatin structure between one-and two-cell-stage embryos.
In the present study, we investigated the involvement of linker histone variants in the regulation of chromatin structure in one-and two-cell-stage embryos. We first analyzed RNAseq data to compare the expression levels of all histone variants and found that H1foo was highly expressed at the one-cell stage but was dramatically lower at the two-cell stage. H1foo knockdown (KD) decreased looseness of the chromatin structure and delayed completion of DNA synthesis in one-cell-stage embryos. Finally, H1foo KD increased the deposition of histone H3.1/3.2, which seemed to delay the completion of DNA synthesis.
Materials and methods

Expression of linker histone H1 variants
The relative expression levels of various linker histone H1 variants were analyzed by using RNA sequencing data [1] . The symbol names and gene names of each linker histone variants are as follows: (H1a: Hist1h1a, H1b: Hist1h1b, H1c: Hist1h1c, H1d: Hist1h1d, H1e: Hist1h1e, H1f0: H1f0, H1fx: H1fx, H1foo: H1foo, and H1t: Hist1h1t).
Collection and culture of oocytes and embryos
Fully grown oocytes were obtained from the ovaries of 8-to 12-week-old B6D2F1 female mice 45-48 h after injecting them with 7.5 I.U. pregnant mare serum gonadotropin (PMSG; ASKA Pharmaceutical Co, Ltd, Tokyo, Japan). The ovary was removed and placed in HEPES-buffered K+-modified simplex optimized medium (KSOM) [17] containing 0.2 mM 3-isobutyl-1-methylxanthine (IBMX; Sigma-Aldrich, St. Louis, MO, USA) and punctured with a 30-gauge needle. Only fully grown oocytes were collected. Spermatozoa were obtained from the cauda epididymis of adult ICR male mice (SLC, Shizuoka, Japan) and cultured in HTF medium [18] for in vitro fertilization. Metaphase II (MII)-stage oocytes were obtained from the ampulla of the oviduct of 3-week-old B6D2F1 female mice injected with 6 I.U. PMSG followed 48 h later with 7.5 I.U. of human chorionic gonadotropin (ASKA Pharmaceutical Co., Ltd). The MII-stage oocytes obtained were inseminated with spermatozoa that had been precultured for 2 h. At 4 h postinsemination (hpi), the embryos were transferred to KSOM medium containing 300 lgÁmL À1 hyaluronidase (Sigma-Aldrich) and incubated for 5 min at 38°C to remove surrounding cumulus cells. Then the embryos were transferred to fresh KSOM medium, washed several times, and cultured in an atmosphere of 5% CO 2 and 95% air at 38°C.
All of the procedures using animals were reviewed and approved by the University of Tokyo Institutional Animal Care and Use Committee and were performed in accordance with the Guiding Principles for the Care and Use of Laboratory Animals.
Semiquantitative reverse transcription-PCR and real-time quantitative PCR
Twenty of Mll stage oocytes and embryos were collected at 12 hpi. RNA extraction, reverse transcription followed by semi-quantitative PCR and real-time qPCR were performed as described previously [1, 19] . The primers used for PCR and PCR conditions are shown in Table S1 . Rabbit a-globin was used as an external control.
Vector construction
We constructed a vector encoding H1foo (H1foo-polyA pcDNA3.1) and H1c (H1c-polyA pcDNA3.1), as described below. We amplified the H1foo coding sequence from the pEGFP-C3-H1foo construct, which had been prepared previously, and that of H1c from cDNA derived from the brain of B6N female mice by polymerase chain reaction (PCR) with PrimeSTAR Max DNA Polymerase (Takara, Otsu, Japan). The primers used in the PCR were as follows. The amplified PCR products were treated with Ex-taq (Takara) and purified with the Wizard SV Gel and PCR Clean-Up System (Promega, Madison, WI, USA). The purified PCR products were cloned into the pCRII-TOPO vector using a TOPO TA cloning kit (Life Technologies, Carlsbad, CA, USA) to generate pCRII-TOPO-H1foo and pCRII-TOPO-H1c following the manufacturer's protocol. The products were transformed into DH5a (Takara; cell density: 1-2 9 10 9 bacteriaÁmL À1 ). The plasmids were purified with the GenElute TM Plasmid Miniprep Kit (Sigma-Aldrich) and verified by DNA sequencing. pCRII-TOPO-H1foo and pCRII-TOPO-H1c were digested with EcoR1 and separated by electrophoresis. Their inserts were purified with the Wizard SV Gel and the PCR Clean-Up System (Promega). eGFP-polyA pcDNA3.1 [20] was digested with EcoR1 and treated with alkaline phosphatase to remove enhanced green fluorescent protein. The GFPpolyA pcDNA3.1 vector was separated by electrophoresis and purified with the Wizard SV Gel and PCR Clean-Up System. The purified vector and H1foo or H1c inserts were ligated with Ligation High (Toyobo, Tokyo, Japan) following the manufacturer's protocol. The product was transformed into DH5a. The plasmid was purified with the GenElute TM Plasmid Miniprep Kit and verified by DNA sequencing.
The vectors were digested with Xba1 (for H1foo and H1c-polyA pcDNA3.1) or Not1 (for pCRII-TOPO-eGFP-H2B constructed in previous study [5] ) and purified with phenol/chloroform/isoamyl alcohol for in vitro transcription (Nippon Gene, Tokyo, Japan). This linearized vector was transcribed with mMESSAGE mMACHINE T7 (for H1foo and H1c-polyA pcDNA3.1; Life Technologies) and mMESSAGE mMACHINE SP6 (for pCRII-TOPO-eGFP-H2B; Life Technologies) following the manufacturer's protocol. eGFP-H2B cRNA was poly A tailed using a poly A tailing kit (Life Technologies), purified with LiCl precipitation solution (Life Technologies), and diluted with RNasefree water (Takara).
Microinjection
Fully grown oocytes were transferred to HEPES-buffered KSOM medium containing 0.2 mM IBMX and injected with 10 pL Stealth RNAi TM small interfering RNA (siRNA) against H1foo (10 lM; Life Technologies) or Stealth TM RNAi Negative Control Duplexes (10 lM; siControl; Life Technologies) using a narrow glass capillary (GC100 Tf-10, Harvard Apparatus Ltd., Kent, UK). Fully grown oocytes were coinjected with 10 pL siRNA of H1foo (10 lM) or siControl (10 lM) and complementary RNA (cRNA) of eGFP-H2B (500 ngÁlL À1 ) for FRAP analyses of H1foo KD embryos. Microinjection was performed under an inverted microscope (Eclipse TE300; Nikon, Tokyo, Japan) using a micromanipulator (Narishige Co., Tokyo, Japan) and a microinjector (IM300; Narishige Co.). The injected oocytes were washed with a-MEM (Gibco-BRL, Grand Island, NY, USA) without IBMX and incubated in a-MEM for 16 h in an atmosphere of 5% CO 2 and 95% air at 38°C to allow for maturation in vitro. Only MII-stage oocytes with the first polar body were collected and inseminated with spermatozoa after 16 h incubation. The siRNA sequence against H1foo was as follows:
One-cell-stage embryos at 4-7 hpi were co-injected with 10 pL cRNA of H1foo or H1c (1000 ngÁlL
À1
) and cRNA of eGFP-H2B (500 ngÁlL À1 ) using a narrow glass capillary to overexpress the linker histone variants. The injected embryos were washed and further incubated with KSOM.
Immunocytochemistry
Embryos were fixed in 2% paraformaldehyde (PFA) in PBS for 20 min at room temperature. The cells were washed with 1% BSA in PBS (PBS/BSA) and permeabilized with 0.5% Triton X-100 in PBS for 15 min at room temperature. 6-diamidino-2-phenylindole (DAPI; Dojindo Laboratories, Kumamoto, Japan). The H1foo KD embryos were fixed in 3.7% PFA and 0.2% Triton X-100 in PBS for 20 min at room temperature for immunocytochemistry of the histone H3 variants. The embryos were washed and incubated with 1% BSA and 0.2% Tween 20 in PBS containing mouse anti-H3.1/H3.2 (1:500 dilution; CE-039B; Cosmo Bio, Tokyo, Japan) and rat anti-H3.3 (1:100 dilution; CE-040B; Cosmo Bio) antibodies overnight at 4°C. The embryos were treated with secondary Alexa Fluor 488 anti-rat IgG antibodies (1:100 dilution; Cell Signaling Technology, Danvers, MA, USA) for anti H3.3 and Alexa Fluor 647 goat anti-mouse IgG (1 : 100 dilution; Life Technologies) for anti-H3.1/H3.2 for 1 h at room temperature, mounted on glass slides, and prepared as described above.
Embryos in which free proteins in the nucleoplasm were washed away were permeabilized with Triton X-100 before fixation following the method described by Hajkova et al. [21] . The embryos were treated with rabbit anti-H1foo antibody (1:500 dilution) or anti-H1C antibody (1:500 dilution; ab181977, Abcam) overnight at 4°C. Alexa Fluor 568 donkey anti-rabbit IgG (1:400 dilution; Life Technologies) was applied for 1 h at room temperature.
The samples were observed under a Carl Zeiss LSM5 exciter laser scanning confocal microscope (Carl Zeiss, Oberkochen, Germany). Fluorescence intensity of the H3 variants was measured using ImageJ software (National Institutes of Health, Bethesda, MD, USA).
5-bromo-2
0 -deoxyuridine (BrdU) assay 
FRAP analyses
Fluorescence recovery after photobleaching analyses were performed as described previously [5] with slight modifications. Excitation of the laser at 488 nm was set to 2-3% at ordinary time, and fluorescence intensity was set to about 2000. We took three photos at intervals of 5 s before photo-bleaching, which was performed for 10 s with excitation of the 488 nm laser set to 100%. A total of 12 pictures were taken every 5 s.
Results
H1foo is expressed at a high level in one-cellstage embryos
To identify the candidate linker histone variant involved in the formation of the loosened chromatin structure at the one-cell stage, we analyzed the expression patterns of all identified variants during preimplantation development using RNA sequencing data [1] . Among them, H1a and H1foo showed markedly high expression levels at the one-cell stage (Fig. 1A) . However, the level of H1a remained high at the twocell stage. Although it decreased at the four-cell stage, the H1a expression level remained high until the blastocyst stage. By contrast, the expression level of H1foo drastically decreased at the two-cell stage and continued to decrease until the blastocyst stage at which time the RPKM value was almost 0. We also examined the changes of expression levels of linker histone variants during preimplantation development by real-time PCR and obtained the results which were consistent with RNA-seq data (Fig. S1 ). Immunocytochemistry using the antibody against H1FOO showed that H1FOO was localized in pronuclei only at the one-cell stage during preimplantation development (Fig. 1B) . Therefore, we recognized H1foo as a good linker histone candidate involved in the formation of the loose chromatin structure at the one-cell stage.
Effect of H1foo KD on the loosened chromatin structure in one-cell-stage embryos
To examine whether H1FOO is involved in the loosened chromatin structure in one-cell embryos, FRAP analyses were performed in H1foo KD embryos. First, we confirmed that siRNA effectively decreased the H1FOO level so that no H1FOO signal was detected in the pronuclei of one-cell-stage embryos ( Fig. 2A) .
The FRAP results showed that the mobile fraction in the male pronucleus was significantly lower in H1foo KD embryos than in control embryos (Fig. 2B) , which suggests that H1FOO is necessary for formation of the loose chromatin structure. In female pronuclei, the Embryos at the one-, two-, and four-cell, morula, and blastocyst stages were collected at 11, 28, 45, 72, and 96 h, respectively, after insemination, and were immunostained with anti-H1foo antibody. DNA was detected by DAPI staining. Three independent experiments were performed and representative images are shown. Scale bar = 20 lm.
mobile fraction was slightly lower in H1foo KD embryos than in controls but the difference was not significant.
Effects of H1foo overexpression on chromatin structure in two-cell-stage embryos
The chromatin structure becomes tighter during the two-cell stage. As nuclear localization of H1FOO decreased dramatically at the two-cell stage (Fig. 1B) , it was possible that the change in looseness of the chromatin structure was induced by the decrease in H1foo at that stage (Fig. 1B) . To address this hypothesis, we overexpressed H1foo and H1c, which is ubiquitously expressed and was used as a control for H1foo, by microinjecting cRNA encoding H1foo and H1c into two-cell-stage embryos. Ectopic localization of H1FOO and H1C was observed in the nuclei of the two-cell-stage embryos (Fig. 3A) . FRAP analyses using eGFP-H2B were conducted to examine looseness of the chromatin structure in these embryos. In agreement with a previous report [5] , the looseness decreased during the one-and two-cell stages (Fig. 3B) . However, the degree of this decrease was reduced by the overexpression of H1foo (Fig. 3B) , whereas it was not changed by the overexpression of H1c. Therefore, it seems that the reduction in H1FOO is involved in the decrease in chromatin looseness during the two-cell stage.
Effects of H1foo KD on cleavage of one-cell-stage embryos and DNA replication in the perinucleolar region
We analyzed the effects of H1foo KD on early preimplantation development. The timing of cleavage was delayed in H1foo KD embryos (Fig. 4A ), although these embryos developed to the blastocyst stage at a similar rate as controls (Fig. S2) . It is possible that this delay in cleavage was caused by a delay in the completion of DNA synthesis at the one-cell stage because H1foo KD induced the change in chromatin structure (Fig. 2) and chromatin structure is involved in the timing of DNA replication [23] . As DNA replication occurs earlier in euchromatin regions and later in heterochromatin regions [23] , the timing of the completion of DNA replication in the whole genome is determined by that in the heterochromatin regions. Therefore, we investigated the timing of DNA replication in the peripheral region of the pronucleus, where pericentromeric heterochromatin is localized, in H1foo KD embryos. The results showed that the timing of DNA replication was delayed in H1foo KD embryos and that the delay was more evident in the male pronucleus than in the female pronucleus (Fig. 4B) : the percentage of embryos that had not completed DNA replication, i.e., the embryos incorporating BrdU, was higher in H1foo KD embryos than in controls at 8 hpi in the male pronucleus and at 12 hpi in both male and female pronuclei.
Effects of H1foo KD on nuclear deposition of H3 variants
In previous experiments, we found that the level of H3.1/3.2 was very low in one-cell-stage embryos, particularly in the peripheral region of the male pronucleus, and that the increase in the H3.1/3.2 level by their over-expression caused a delay in DNA replication in the peripheral regions of the male pronucleus (Kawamura and Aoki unpublished data), as observed in H1foo KD embryos (Fig. 4B) . Therefore, we hypothesized that peri-pronucleolar localization of H3.1/3.2 increased in H1foo KD embryos. To address this issue, we examined the effects of H1foo KD on nuclear deposition of H3 variants in one-cell-stage embryos. As no antibody that discriminates between H3.1 and H3.2 was available, we used an antibody that recognizes both of these proteins for immunocytochemistry. Nuclear deposition of H3.1/H3.2 but not H3.3 increased in response to H1foo KD in male and female pronuclei of one-cell-stage embryos (Fig. 5A,  B) . In the peripheral region of the pronucleus, the effects of H1foo KD was evident only in the male pronucleus. H3.1/3.2 was detected in half of the H1foo KD embryos, whereas it was only detected in 10% of control embryos (Fig. 5C, D) . However, H3.1/3.2 was detected in 60% of both the H1foo KD female pronuclei and controls. Taken together, these results suggest that H1FOO is involved in the progression of DNA replication by decreasing deposition of H3.1/3.2 in the perinucleolar region of the male pronucleus in one-cell-stage embryos.
Discussion
Genes are actively transcribed during oocyte growth, but global repression of transcription occurs when oocytes are fully grown. The resumption of transcription occurs at the mid-one-cell stage after fertilization [24] . Transcription activity is low in one-cell-stage embryos, and functional proteins are not produced because transcripts are not sufficiently spliced [1] . Therefore, some transcripts and proteins that are produced during oocyte growth remain after fertilization and regulate the cellular processes in one-cell-stage embryos as maternal factors. Our results show that H1FOO functions as a maternal factor in one-cellstage embryos. H1foo expression is regulated by NOBOX, an oocyte-specific transcription factor that occurs during oocyte growth [25] . Although H1foo is not transcribed after fertilization (Fig. S3 ) [1] , H1foo mRNA remains abundant in one-cell-stage embryos (Fig. 1A) . Finally, H1FOO has a role in the formation of the loose chromatin structure in one-cell-stage embryos (Fig. 2) . Interestingly, a recent study revealed that growing oocytes also have a loose chromatin structure [26] . Therefore, it is possible that H1FOO is also involved in the loose chromatin structure of growing oocytes. Although chromatin structure is loosened at the one-cell stage and becomes tighter at the two-cell stage [3, 5, 6] , the mechanism regulating this change in chromatin structure remains to be elucidated. Our results suggest that H1foo is involved in the formation of the loose chromatin structure in one-cell-stage embryos and that the reduction of H1foo nuclear deposition causes the decrease in chromatin looseness at the twocell stage. The H1foo C-terminal domain seems to be responsible for forming the loose chromatin structure. Linker histones have several domains and their Cterminal domains have positively charged amino acids involved in condensing the chromatin structure [15, 27] . For example, when the C-terminal domain of linker histone variant H1E, which has a strong ability to condense chromatin, is substituted with the C-terminal domain of linker histone H1C with a weak ability to condense chromatin, this chimeric H1E has a weaker ability to condense the chromatin than normal H1E [15] . As H1FOO has more negatively charged amino acids in its C-terminal tail domain than other linker histone variants, it is thought to have a weaker ability to condense the chromatin structure than other variants [28] . It is likely that other variants with a stronger ability to condense the chromatin than H1FOO would be incorporated into the chromatin in H1foo KD onecell-stage embryos so that the chromatin structure becomes tighter. Furthermore, nuclear deposition of H1FOO decreases and those of other variants increase during the one-and two-cell stages [14, 29] , which suggests that the change in variants in chromatin regulates the change in chromatin structure during the one-and two-cell stages.
H1foo KD increased deposition of H3.1/3.2 in the pronuclei of one-cell-stage embryos (Fig. 5A, B) . Linker histones and core histone H3 reciprocally affect their incorporation into chromatin. A previous study showed that KD and E in mouse embryos [30] . In these cells, H3. (Fig. 5A, B) . This increase was due to nuclear incorporation of linker histone variants, which preferentially interact with H3.1/3.2 rather than H1FOO. H1foo KD caused the delay in completion of DNA replication at the perinucleolar region in one-cell-stage embryos (Fig. 5A ). This delay seemed to be due to the Percentages of the male and female pronuclei in which peripronucleolar localization of H3.1/3.2 were observed (positive) or not (negative). At least four independent experiments were performed in each experimental group, and more than 31 embryos were analyzed in total. Error bars indicate S.E. Asterisks indicate a significant difference (P < 0.05; by Student's t-test).
incorporation of H3.1/3.2 into the chromatin in this region. As DNA replication occurs in euchromatin regions first, followed by heterochromatin regions, the timing of the completion of DNA replication is determined by that in heterochromatin regions [23] . H3.1/ 3.2 is involved in the tight chromatin structure and the formation of heterochromatin [33] . As H3.1/3.2 was localized in the perinucleolar region of most female pronuclei but not in male pronuclei (Fig. 4D) and pericentromeric heterochromatin is localized in the perinucleolar regions in one-cell-stage embryos [34] , it is likely that DNA replication is completed earlier in the male pronucleus than the female pronucleus because the chromatin structure is looser in males. However, H1foo KD caused incorporation of H3.1/3.2 into the chromatin at the perinucleolar region in the male pronucleus, which would delay completion of DNA replication.
Although KD of H1foo delayed the timing of cleavage into the two-cell stage (Fig. 4A) , it did not affect preimplantation development to the blastocyst stage (Fig. S2) . This is consistent with the data from the Mouse Genome Informatics database, which indicates that H1foo-KO female mice are fertile (http:// www.informatics.jax.org/reference/J:101326). Although H1foo KD one-cell-stage embryos have a tighter chromatin structure than control embryos, they have a looser chromatin structure than two-cell-stage embryos (Fig. 3B ). This suggests that there are other factors involved in the loose chromatin of one-cellstage embryos besides H1FOO. For example, TH2A and TH2B, which are H2A and H2B variants, respectively, are highly expressed in one-cell-stage embryos and are involved in the loose chromatin structure [35] . Furthermore, some linker histone variants (H1a, H1f0, and H1fx) are highly expressed in one-cellstage embryos (Fig. 1A) . It is possible that these proteins compensate for the function of H1FOO so that KD of H1foo did not affect preimplantation development to the blastocyst, and H1foo KO female mice remain fertile. Table S1 . PCR primers and conditions.
